Abstract. Organisms in aquatic ecosystems must often tolerate variable environmental conditions, including an uncertain risk of predation. Individuals that can maintain plastic defenses against predation will increase their survival when predators are present, but will not incur the costs of these defenses when the risk of predation is low and the defense is not induced. Larvae of the pond-breeding anuran Hyla chrysoscelis develop a conspicuous phenotype in the presence of predators consisting of a brightly colored tail and a deeper tail fin. In this study, I attempted to identify the source of the chemical signal that induces this defensive morphology in this species. I tested whether metabolites alone, originating from the prey but passing through the predator, were able to induce the same morphological response as the combination of alarm signals released directly by attacked conspecifics, and metabolites. I used morphometric and tail conspicuousness data to assess tadpole response to the perceived risk of predation by larval odonate predators (Anax junius). I also tested whether this inducing cue could be recognized across species by measuring the morphological response of H. chrysoscelis tadpoles exposed to cues emitted when tadpoles of a closely related genus (Pseudacris crucifer) were consumed. Tadpoles exhibited a clean graded response of both overall shape and tail morphology in response to all cues, corresponding to their relative reliability as indicators of a risk of predation. H. chrysoscelis tadpoles were also able to respond to cues emitted when tadpoles of a closely related genus were consumed by predators. These results illustrate that tadpoles of this species are able to respond to metabolites alone without alarm signals, and that interspecific chemical communication is a primary mechanism for predator avoidance in this inducible defense system.
INTRODUCTION
Aquatic organisms often encounter variable environments, including uncertain hydroperiods, nutrient fluxes, and changes in the intensity of competition and predation (Leibold and Wilbur 1992 , Skelly 1996 , Wilbur 1997 . Phenotypic plasticity, the ability of a single genotype to produce multiple phenotypes in response to varying environmental conditions, is common in variable systems (Tollrian and Harvell 1999, Van Buskirk 2002) . Maintaining plastic phenotypes allows a lineage to be adapted to a wide range of habitats. This flexibility may be advantageous during changes in the risk of desiccation, predation, or competition (Wilbur 1987) . Across many systems and lineages, inducible defenses such as modified behavior, physiology, or morphology, provide some measure of protection from predators or parasites (McCollum and Van Buskirk 1996 , Tollrian and Harvell 1999 , Kiesecker et al. 1999b ) and allow prey individuals a nonconstitutive defense against an uncertain predation risk. Induced Common to aquatic systems, anuran larvae often face a high risk of predation due to their relative small size during development and their initial palatability (Formanowicz and Brodie 1982, Alford 1999) . Tadpoles have been shown to respond to both real and perceived predation risk (McCollum 1993 , Relyea 2001 . Behavioral responses of tadpoles to predation have been well studied (Hews 1988 , Wilson and Lefcort 1993 , Petranka and Hayes 1998 , but, more recently, the morphological plasticity of tadpoles has been a focus of research on inducible defenses in anurans. Several species develop deeper, more conspicuous tail fins in the presence of predators than in their absence (Caldwell 1982 , McCollum 1993 , Relyea 2001 . Morphological changes require a long-term investment of resources and often have permanent effects that cannot be easily reversed when conditions become more favorable (Van Buskirk 2000) . Due to the associated shift from an optimal body design, the plasticity of morphological traits should be a better indicator of a prey's response to a perceived risk of predation than the more temporary behavioral shift documented in many anuran species. Thus, prey should be more discriminate of available cues when changing their morphology versus shifting their behavior. Prolonged antipredator behavior, however, can alter the growth and life history patterns of some anurans (Wilbur and Fauth 1990 , Skelly 1992 , Kiesecker et al. 2002 . There are also costs of unnecessarily inducing antipredator morphologies, both before and after metamorphosis (Van Buskirk and McCollum 1996 , Van Buskirk 2000 , Relyea 2002 ).
The exact signal that elicits this plasticity has yet to be elucidated. Petranka et al. (1987) determined that amphibians can use chemosensory mechanisms to assess the risk of predation, yet the exact inducing cues in aquatic systems are difficult to ascertain without biochemical assays (for a review, see Chivers and Smith 1998) . Delineating this cue and its source is important, since waterborne chemicals that provide reliable information about the risk of predation play a principal role in these systems by facilitating diffuse communication. Most studies of inducible defenses suggest that the cue is an alarm signal, but evidence is mixed. Hews (1988) suggested that the cue was a specially synthesized alarm signal (pheromone) immediately released by the individual being attacked. This suggests that altruism may play a role in this plasticity, assuming that the production of these chemicals is costly. Kiesecker et al. (1999a) , however, found increased levels of ammonium in tanks after predation on tadpoles, suggesting that urine may be the cue. Parejko and Dodson (1990) suggest that the inducing signal may originate from the predator alone (kairomone), but support for this finding has been mixed in anuran systems (McCollum and Leimberger 1997 , Petranka and Hayes 1998 , Van Buskirk and Arioli 2002 . Taking a more circuitous route, the cue may also be a metabolite originating from the prey but having to pass through the predator's digestive track, where lysed cell contents become available for detection by individuals at risk (Wilson and Lefcort 1993, Stabell et al. 2003) . A recent study suggested that a combination of cue sources (alarm signals and metabolites) may be needed, but the results were inconsistent and do not provide a clear indication as to what cues are capable of inducing antipredator phenotypes (LaFiandra and Babbit 2004) .
I attempted to identify the source of the chemical signal that induces defensive morphology in larvae of the pond-breeding anuran Hyla chrysoscelis (gray treefrog). These tadpoles have a very conspicuous antipredator phenotype consisting of a mottled and brightly colored yellow, orange, and red tail, as well as a deeper tailfin (McCollum 1993) . This induced tail morphology misdirects strikes away from the vital body area and towards the relatively regenerative tail (Van Buskirk et al. 2003) , while the deeper tail increases swimming speed, acceleration, and stamina (Webb 1984, McCollum and Leimberger 1997) . However, this induction of the antipredator phenotype comes with a cost. Tadpoles of H. chrysoscelis with the induced phenotype experience less mortality when they encounter predators, but they have a lower survival rate in the absence of predators compared to control individuals (McCollum and Van Buskirk 1996) . In other anuran species, expenses in development rate as well as permanent costs of induced defenses remain with the individual through adulthood (Van Buskirk 2000, Van Buskirk and Saxer 2001) . I studied the role of chemicals associated with predation on the developing morphology of tadpoles, and which cues were able to trigger a morphologic response. In particular, I tested whether metabolites alone, originating from the prey but passing through the predator, were able to induce the same morphological response as the combination of metabolites and alarm cues (body fluids, lysed cell contents, pheromones, etc.) released immediately from the prey being attacked. I also analyzed how tadpoles allocate resources to their body relative to their tails under different levels of perceived predation risk to support quantitatively what previous studies have suggested about the relative importance of each body section (Van Buskirk et al. 2003 ). Lastly, I tested whether this inducing cue was conserved within two genera of the family Hylidae. Several studies have failed to show any phenotypically plastic responses in prey individuals that have been exposed to potential predators fed different species (Kiesecker et al. 2002, Jacobsen and Stabell 2004) . However, many of these studies used taxa that were genetically distant from the focal species. I tested how tadpoles respond when the species being preyed upon was closely related.
METHODS
Seven mating pairs of H. chrysoscelis were collected in Craig County, Virginia, USA, between 19 June and 3 July 2003 and brought to Mountain Lake Biological Station (MLBS, Giles County, Virginia) where they successfully deposited fertilized eggs. Once tadpoles hatched, all seven clutches were evenly dispersed between two stock tanks, where they were fed a ground mixture of rabbit fodder and Tetra fish flakes (Tetra, Blacksburg, Virginia, USA) ad libitum. Larval dragonflies, Anax junius, were collected at MLBS and used as predators. Spring peeper tadpoles, Pseudacris crucifer, were reared from the eggs of two adult mating pairs collected at MLBS, and served as a second prey species and cue source. The genus Psuedacris is closely related to Hyla within the Hylidae. P. crucifer is commonly syntopic with H. chrysoscelis, as well.
The experimental arenas were 19-L plastic Rubbermaid tanks (46 ϫ 30 ϫ 23 cm; Newell Rubbermaid. Inc., Freeport, Illinois, USA) filled with approximately 15 L of untreated aged spring water. Tanks were partitioned with window screening isolating one-third of the tank, allowing water to circulate freely, but excluding tadpoles. On 25 July, I moved groups of 14 tadpoles from stock tanks, randomly distributing tadpoles from each of the seven sibships among all tanks, and placed them on the larger side of the arena. The smaller side of the tank contained a cage made of 10 cm diameter PVC piping cut at angles with mesh screen covers to allow water circulation. One Anax larva was housed within the cage for the appropriate treatments. Anax larvae are an important natural predator of tadpoles in temporary pond communities (Wilbur and Fauth 1990) . Their strike and chew predation mechanism makes them less gape limited than many other species that prey upon tadpoles, and facilitates an immediate release of prey body contents. Tank water was cleaned twice a week by siphoning out the larger waste material, reducing the water level to around 7 L and then refilling the tank to approximately 15 L by adding aged spring water.
The experiment was a randomized complete block design with four treatments replicated four times, for a total of 16 tanks arranged in four spatial blocks. In the first treatment, an Anax larva was fed H. chrysoscelis tadpoles within the cage. This allowed both alarm signals from attacked tadpoles as well as metabolites excreted by the predator to be potential inducing cues for the developing tadpoles (conspecific combined cues). In the second treatment, I fed an Anax larva H. chrysoscelis tadpoles in a separate container. After consuming the tadpoles, the Anax larva was rinsed twice and immediately placed in the cage before defecation occurred. This procedure was intended to remove immediate alarm signals released from the prey and only allow metabolites to be present as an inducing cue (conspecific metabolites treatment). In the third treatment, an Anax larva was fed P. crucifer tadpoles within the cage to allow both alarm signals and metabolites to be included as cues (heterospecific combined cues). To serve as a control, the fourth treatment had an empty cage and no predator. Due to availability of P. crucifer, I was unable to include a heterospecific metabolites treatment. Predators in feeding treatments were fed two tadpoles every other day. In treatments not requiring the Anax larvae to be removed from the PVC cage, including the controls, the cage was still removed and immediately replaced to duplicate any physical disturbances of the water that may influence tadpole characteristics.
After 14 days of exposure to the treatments, I terminated the experiment. All tadpoles were between Gosner stages 25 and 31 when the experiment was completed (Gosner 1960) . I took at least two digital images of each tadpole's profile, and then the tadpoles were released at the adults' breeding site. I measured seven morphological characters using the Image J software from the National Institutes of Health (available online).
3 The seven characters measured were total tadpole length, tail length, tail fin depth, body length, body depth, tail area, and tail muscle depth (Fig. 1) . The program calibrated measurements using a standard length scale on the photo. Because calibration markings were not added to the photos until the second block, no morphometric data were taken from block 1.
I also assessed three subjective estimates of tail conspicuousness: tail coloration intensity (discrete integer scores 0-5), tail spot intensity (0-5), and tail melanin outline intensity (0-3). The proportion of total tail area that was colored was also measured. This tail data will be referred to as ''tail conspicuousness'' hereafter. Tail conspicuousness data from all four blocks was used. All data collection was done blindly, so that I was unaware of the treatment assigned to each tank.
Statistical analysis
Each tadpole had multiple photos, thus all tests used variable means within a tadpole. All morphological measurements were log transformed to meet the assumptions of a parametric analysis test, but the subjective tail conspicuousness scores were not transformed.
To reduce the large number of variables obtained, separate principal components analyses (PCA) were performed on each of the data sets. The first three principal components represented 99.0% of the variation among the morphometric variables. A second set of three orthogonal principal components variables abstracted the tail conspicuousness data. Separate multivariate analyses of variance (MANOVA) were conducted for each group of variables. Univariate analyses of variance (ANOVA) were used to elucidate which responses contributed to a significant multivariate response, with corresponding Tukey's multiple comparison tests used to distinguish treatments that differed significantly from one another. The interaction between treatments and blocks was used as the error term for tests of the significance of the main effect of treatments and blocks. The ANOVA comparisons were not adjusted for multiple tests because my a priori hypotheses required planned orthogonal contrasts to compare differences between treatments. All statistical tests were performed using SAS software (SAS Institute 2001).
RESULTS
The predator's diet and feeding treatment had a significant effect on tadpole development of both aspects of the antipredator phenotype. Tadpole morphology and tail conspicuousness varied significantly depending on the treatment exposure.
Morphometric analysis
The MANOVA indicated highly significant morphological differences between treatments ( ϭ 0.628, P Ͻ 0.0001; see Appendix A for full morphometric MANOVA and univariate ANOVA table). All morphological variables had strongly positive correlations (Table 1) with principal component 1 (PC1), which is interpreted as a measure of overall tadpole size. There was no difference in size among treatments (P ϭ 0.526; Fig. 2a) . The correlations for PC2 (Table 1) that this was a shape variable, distinguishing between the overall depth and length of the tadpole. Smaller PC2 values indicate a longer, more slender tadpole. PC2 had a nearly significant difference between treatments (P ϭ 0.087), and only the control and conspecific combined cue treatments differed significantly (Fig. 2b) . PC3 is a second measure of tadpole shape showing the size of the tail relative to body size (Table 1) . Lower PC3 values indicate that a tadpole has more tail area relative to body size. PC3 differed significantly among treatments (P ϭ 0.024), with the control treatment being different than the conspecific metabolite treatment, and the conspecific combined cue and heterospecific combined cue treatments differing significantly from the other treatments, but not from one another (Fig.  2c) .
Tail conspicuousness analysis
The MANOVA for the intensity of tail color indicated that there was a highly significant difference between the treatments ( ϭ 0.645, P Ͻ 0.0001) (see Appendix B for a full MANOVA and ANOVA table). All tail intensity variables had strongly positive correlations with principal component 1 (PC1 , Table 1 ), which represents overall tail conspicuousness. Larger PC1 values indicate a more conspicuous tail. PC1 differed significantly among treatments (P ϭ 0.018), with the conspecific combined cue and control treatments being significantly different from all other treatments (Fig. 3a) . The conspecific metabolites and heterospecific combined cue treatments did not differ significantly from each other. PC2 was most influenced by the intensity of tail spots (Table 1 ). The treatments did not differ significantly (P ϭ 0.142; Fig. 3b ). The correlations for PC3 (Table 1) indicate that it was another variable for overall tail conspicuousness, but the tail melanin outline accounted for a large negative correlation. There was no significant difference in PC3 among treatments (P ϭ 0.321; Fig. 3c ). Notes: Both parts also list the amount of variation contributed or explained by each PC (the eigenvalue proportions of the correlation matrix). Note that for PC1, the tadpole size accounted for over 96% of the variation, but it was appropriate to proceed with PC2 and PC3 in the morphological analysis, because my a priori hypotheses did not predict a tadpole size difference among treatments.
DISCUSSION
The observed gradient in tadpole response to different predation regimes indicates that H. chrysoscelis tadpoles not only respond to different cues when inducing a phenotypic shift, but that their response is also dependent on the type and reliability of cues available for detection, and consequently to the risk of predation. Also, the fact that the H. chrysoscelis tadpoles were able to recognize and respond to cues from another anuran genus is an example of interspecific chemical communication in amphibians. To the best of my knowledge, these results are the first that clearly demonstrate such a gradient in tadpole morphological response and interspecific communication to aid in predator avoidance.
The graded response of plasticity to conspecific metabolites and conspecific combined cues (alarm cues and metabolites) suggests that anuran larvae may be adept at responding to subtle differences in cues while assessing their relative reliability. Inducing morphological change may be expensive, such that it is only worthwhile when prey are under a real threat of predation. Responding to an inaccurate cue when predators are absent reduces fitness compared with the noninduced phenotypes in H. chrysoscelis (McCollum and Van Buskirk 1996) . However, when tadpoles are truly at risk, being able to recognize the cue(s) is highly advantageous, as increased tail dimensions can increase swimming speed, acceleration and stamina to avoid a dragonfly strike (Webb 1984, McCollum and Leimberger 1997) , illustrating why this is a plastic defense. My results support this idea, showing that H. chrysoscelis tadpoles decrease their body to tail area ratio (allocate more of their developmental resources to tail relative to body) when faced with predation (morph. PC3, Fig. 2 ). The increased tail coloration observed may be a mechanism that can direct predatory strikes towards the relatively expendable tail. Wilbur and Semlitsch (1990) found that tadpoles were more likely to survive an attack on the tail than one on the body. Van Buskirk et al. (2003) confirmed this finding and also found that predator induced tadpole models sustained fewer predatory strikes to the head and body than tadpoles with the noninduced phenotype. Interestingly, unlike coloration, I found no effect of treatment on the intensity of tail spots. This mottling has been suggested to camouflage tadpoles from potential predators in a turbid aquatic habitat (McCollum and Van Buskirk 1996) .
That tadpoles responded morphologically to metabolites alone was interesting, as this has been suggested but not definitively shown before. After my study was completed, LaFiandra and Babbit (2004) reported that metabolites alone and combined cues could elicit the same antipredator response in tail depth and one coloration variable in the pinewoods treefrog (Hyla femoralis), but they did not to find a consistent pattern, as a second measure of tail coloration exhibited the opposite pattern where tail coloration decreased significantly in the combined cue treatment relative to the no-predator and metabolite treatments. These inconsistent results do not provide a clear indication as to which cues are capable of inducing anti-predator phenotypes.
The observed response in my study to metabolites alone can be interpreted in two ways. The tadpoles could be responding to chemical cues emitted by the predator alone, effectively highjacking these cues, and reducing the predator's efficacy. However, past studies have shown mixed results for this hypothesis (McCollum and Leimberger 1997 , Petranka and Hayes 1998 , Van Buskirk and Arioli 2002 sible cause for this response to metabolites is that tadpoles are sensing a cue that originates in the prey (e.g., an alarm signal or lysed cell contents), but is conserved (or activated) during passage through the predator. Thus, the prey may just be seeing a much greater concentration of this prey signal in the combined cue treatment, perhaps indicating to the tadpoles a more reliable signal of true predation risk. A supporting study would benefit from a starved predator treatment for comparison (see Van Buskirk and Arioli 2002) .
The morphological response of tadpoles to a different species was the most surprising result of this experiment, and provides the first evidence for an hypothesis of interspecific communication for predator avoidance in amphibians. In aquatic communities, tadpoles of different species often share predators. Little attention has been paid, however, to the extent to which species are able to recognize and respond to interspecific cues that indicate a risk of predation. Both Wilson and Lefcort (1993) and Kiesecker et al. (2002) studied behavioral plasticity in Rana aurora, and they found that tadpoles could discriminate relative predation risk via a predator's diet. However, both studies used only distantly related food items (insect larvae) in addition to conspecific anurans, as prey items. My study demonstrated that tadpoles responded to predation on a closely related genus (Pseudacris) by altering their tail dimensions to the same degree as those tadpoles that experienced cues derived from conspecifics (Fig. 2c) . Tail conspicuousness responded to heterospecific combined cues significantly stronger than to the treatment without a predator, but responded the same as tadpoles reared with conspecific metabolites alone (Fig. 3a) . To the best of my knowledge, this cross-taxa morphological response to inducing cues has not been shown in other studies. These focal species are often syntopic, and thus when Pseudacris tadpoles are at risk of predation, Hyla tadpoles occupying the same habitat are likely at risk as well. Therefore, it would be advantageous for the prey to intercept these cues and react accordingly to this reliable signal. It is possible that the cue may have either developed independently, or has been conserved over evolutionary divergences across taxa, but to assess this hypothesis, future studies are needed that investigate the breadth of these cues and respective responses across amphibian lineages.
Another observation of this study is the rapidity with which tadpoles can induce a conspicuous phenotype. Because of the costs assumed by individuals switching optimal phenotypes for induced forms, it could be expected that tadpoles would need relatively long periods of exposure to inducing cues in order to validate their accuracy. To the best of my knowledge, the shortest induction time tadpoles experienced in previous experiments was 16 days for morphometric variables and 4 weeks for tail color variables (McCollum and Leimberger 1997, McCollum and Van Buskirk 1996) . Tadpoles in this study were only exposed to inducing cues for 14 days, but they showed significant responses in tail color and body shape. When the experiment was terminated, all tadpoles were between Gosner stages 25 and 31, over half way to metamorphosis. Individuals that can induce defensive morphologies as soon as the inducing cue becomes available, may be selected for in these ephemeral communities, despite the potential costs associated with an antipredator phenotype.
In conclusion, this study supports past research that demonstrated the ability of larval anurans to assess their risk of predation, while also illustrating two very important features of the inducible defense system. These results indicate that tadpoles recognize and respond to metabolites alone, but to a lesser degree than combined cues. Tadpoles of one species are also able to respond to the chemicals emitted by predation on a closely related genus. In an evolutionary sense, this is vital since sympatric tadpoles of different species are often under the same predation pressure, and responding to another species' misfortune can provide a tadpole with a significant selective advantage. Hence, larval anurans are adept at assessing the relative reliability of available inducing cues. Future studies would benefit to focus on the breadth of this interspecific cue recognition among amphibian taxa, as well as the biochemistry of these cues to more fully isolate and understand the direct cue leading to inducible defensive morphologies. ACKNOWLEDGMENTS I thank Henry Wilbur for help on all aspects of this project, including experimental design, statistical analysis, and for steady mentorship. Also, I thank Volker Rudolf for constructive discourse on many aspects of this project and manuscript, as well as Linda Green and Erikka Conrad for comments that greatly improved this manuscript. I thank Jennifer Peliquin, Andrea Jones, and E. Conrad for help with collecting study animals. This work was supported by NSF grant DBI 0097249 to Eric Nagy and Henry Wilbur in support of the REU program at Mountain Lake Biological Station.
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